Electrochemical Reduction, 2-Oxopurine, Dimer Photodissociation
Although the electrochemical reduction properties of 2-oxopurine (1) have not hitherto been in vestigated, it has been inferred that its polarographic behaviour would resemble that of purine 1, largely on the basis of the sim ilarity in E\i2 values for pyrim idine and pyrim idone-215 2. This appears reasonable in the light of observations that electro chemical reduction of purine derivatives proceeds only on the pyrim idine ring, the imidazole moiety being polarographically in e rt1» 3' 4.
In view of the previous demonstration that py rimidone-2 undergoes a one-electron reduction, with form ation of a dim er identified as 6,6" (4,4')-bis-(3,6-dihydro-pyrimidone-2) (3 ), which is suscep tible to quantitative photochemical dissociation to the parent pyrimidone-2 5, it appeared of interest to examine whether an analogous reaction might occur with 2-oxopurine. As will now be shown, this expec tation has been fully realized. characteristics: m = 2.54 mg s 1, t = 3.30 s 1 at open circuit in distilled water at a mercury pressure A = 60.
Polarography. Test solutions, about 5 X 10~4 M, were prepared by dilution of a stock solution with Britton-Robinson buffers to cover the pH range 2 -12. The ionic strength was m aintained constant at 0.2 by addition of KC1. Solutions were rendered oxygen-free by bubbling nitrogen previously puri fied by the procedure of Meites 6 . All measurements were at 25° ± 0 .2 °C, potential measurements being made vs S.C.E.
M acroelectrolysis. Controlled potential electro lysis and coulometry were carried out with the use of a mercury pool electrode (~2 0 c m 2) at 25° ± 0.1 °C fitted with a magnetic stirrer, with a 2-oxopurine concentration of 1 .2 x 10_ 3 m in BrittonRobinson buffer pH 7 and pH 4.5. A silver coulometer in the circuit was used to determine the num ber of electrons involved in the reduction proc ess. Nitrogen was continuously passed through the cell during electrolysis. Immediately before and after electrolysis the solution was examined spectrophotometrically after dilution with the buffer used for electrolysis.
Ultraviolet absorption spectra were obtained with the aid of a Zeiss (Jena, GDR) VSU-2 spectro photometer.
Infrared spectra were recorded on a Zeiss (Jena, GDR) UR-10 spectrophotometer, using samples in KBr matrices.
A Radiometer PHM-4d compensating instrument, with associated glass electrode, was employed for pH measurements.
Ultraviolet irradiation was with a low-pressure mercury resonance lamp (254 nm) as previously employed. Actinometry, based on photochemical hydration of uridine, was employed for calculation of quantum yields as elsewhere described 7.
Mass spectra were determined on MAT 311 and LKB 9000 instrum ents at 70 eV (275 °C ion source) and sample tem peratures of 150° and 180 °C.
1H N M R spectra were recorded on a Zeiss (Jena, GDR) 60 MHz ZKR-60 spectrometer, fitted with an SPT-1 signal accum ulator (Zentrum für Wissen schaftliche Geräte, Berlin, G D R ). Solutions were made up to a concentration of 1.5 mg/ml in CDgCOOD, in which both 2-oxopurine and its re duction product were soluble, with TMS as internal standard.
R esu lts D.C. Polarography. In aqueous buffered medium, 2-oxopurine underwent polarographic reduction with form ation of two waves of equal height. The diffusion-like nature of both waves was established from the linear dependence of i& on h 1/2, the tem perature coefficient (1.8% /°C ), and the linear dependence of i,j on concentration over the range 2 x 10-4 m to 2 x 10-3 m .
At pH values below 3, both waves were virtually independent of pH ( Fig. 1 ) . At pH values above the pK for protonation of the starting compound, 2.748, On the basis of a logarithmic analysis, both waves were found to exhibit non-reversible characteristics. At pH > 8 both waves merge to form a single wave with a height equal to the sum of waves I and II. The appearance on wave II of a "post-wave" pointed to possible partial adsorption characteristics for this wave, which we ascribe to adsorption of the reduction product of wave I. Coulometric determ ina tions, average n = 0.95 at pH 7, pointed to both waves as being one-electron.
In aqueous non-buffered solutions of tetraalkylammonium salts, e .g ., 0.1 M (CH3) 4NC1, 2-oxopurine displayed two waves, I (£ 1/2 = -1.25 V) and II (£ 1/2 = -1.43 V ), of equal height, similar to those for pyrim idone-25, nicotinam ide9, and NAD+10, n . The half-wave potential of wave I showed no concentration dependence, whereas that of wave II shifted to more negative values with increasing concentration.
Cyclic voltam m etry. The behaviour of 2-oxopurine under cyclic voltammetry conditions at the hanging drop mercury electrode substantiated the D.C. polarographic results. In acid solution, a sweep to more negative potentials gave rise to two oathodic peaks, lc and lie. These shifted to more negative potential with increasing pH, and merged to a single peak at pH 8. When the potential sweep was reversed, no anodic peak was discernible at a slow scan rate (8 -50 m V /sec). This is consistent with the conclusion that the electron transfer processes for both reduction steps of purine are rapid 3. The irreversibility of peak lc is due to very fast de activation of the reduction product by follow-up dimerization (see below), as previously reported for pyrim idone-25, nicotinam ide9 and NAD1-11. W ith increasing pH, peak lie merged with the subsequent catalytic hydrogen wave.
M acroelectrolysis
Wave I. Electrolysis on wave I of 2-oxopurine at pH 4.5 and pH 7, at potentials corresponding to the initial limiting current, led to the simultaneous dis appearance of reduction wave II. The observation that wave II is eliminated upon controlled potential electrolysis of wave I further supports a free radical mechanism. The reduction product no longer ex hibited the characteristic absorption bands of 2-oxopurine at 315 nm and 238 nm, but possessed a single new band at 236 nm. As reduction proceeded, the solution became turbid as a result of precipita tion of the product. Following electrolysis the latter was isolated by centrifugation or filtration, washed several times with water, and dried under vacuum over P 20 5 . Yields at room tem perature were about 60% in different runs, but could be increased con siderably by lowering the temperature.
Wave 11. Electrolysis at the potential of wave II was accompanied by slight turbidity, shown to be due to partial form ation of the same reduction pro duct as for electrolysis on wave I. Coulometric measurements, however, yielded an average n = 1.75 for electrolysis at a potential corresponding to the crest of wave II, at pH 7. It follows that the m ajor reduction product of 2-oxopurine at the potential corresponding to wave II is the dihydroderivative, l,6-dihydro-2-oxopurine. In contrast to the reduc tion product on wave I, it was soluble in water. Although no attempt was made to isolate this pro duct, its absorption spectrum exhibited a single band at 235 nm at neutral pH, identical with that for the reduction product of wave I (see below). This is in agreement with the coulometric measure ments, pointing to 2-electron reduction, obviously of the 1,6 bond, since the imidazole ring is non-reac tive.
P roperties of reduction product of wave I. The isolated reduction product of wave I was a pale yel low amorphous powder, m.p. 300 °C (decomp.), relatively insoluble in aqueous medium and in a wide variety of organic solvents, and attempts at crystallizationwere unsuccessful. Elementary analy sis gave: C, 39.01% ; H, 4.14% ; N, 36.48%. Cal culated, for a dihydrated dimer of reduced 2-oxopurine, i.e . C10H8N8O2'2 H 20 : C, 38.71% ; H, 4.19% ; N, 36.13%. Sim ilar strong binding of water has been observed in the crystals of a tetramer photoproduct of th y m in e12,13 and the electro chemical dim er reduction product of pyrimidone-2 5.
In contrast to the parent 2-oxopurine, the UV absorption spectrum of which, for the neutral form, exhibits / max 315 nm (^max 4.9 x 103) and ^-max 238 nm (em ax 2.9 x 103) , the reduction product ex hibited a single short-wavelength band, /lmax 235 nm ( £max 4.5 x 103). This is consistent with elimination of one of the double bonds in the pyrim idine ring and, in fact, the absorption spectrum of the reduc tion product is that of a substituted imidazole 14.
In strongly alkaline medium, there was a timedependent disappearance of the 235 nm band of the reduction product, with the simultaneous appearance of two new bands at 260 nm and 315 nm, charac teristic of the absorption spectrum of the parent 2-oxopurine in alkaline medium. The alkali-catalyzed conversion of the reduction product to the parent 2-oxopurine, verified spectrally and polarographically, was quantitative. The reaction was pseudo first-order at pH 13 and proceded at room tempera ture with a <i/2 of about 3 h. At pH 12 the rate was reduced about 10 fold, and was almost imperceptible at pH 11. By contrast, an increase in pH to 14 was without effect on the reaction rate. It follows that the conversion reaction in alkali is due to the in stability of the anionic form of the reduction pro duct, in agreement with spectral observations that it possessed a pK somewhat higher than 12, which could not be accurately measured because of the inherent instability of the anion.
Infrared spectroscopy. Due to solubility lim ita tions (see above), infrared spectra were recorded on KBr matrices. The spectrum of 2-oxopurine ex hibited an intense band centred at 1660 cm-1 , cor responding to a carbonyl frequency 15, in agreement with the accepted 2-keto structure of this compound. The reduction product exhibited a sim ilar intense band centred at 1652 cm -1 , showing that the 2-keto structure is m aintained5' 15. Furtherm ore the reduc tion product also possessed a series of bands in the region 1100 -1500 cm -1 , strikingly sim ilar to that of the dimer reduction product of pyrimidone-2, and ascribed to characteristic frequencies of reduced pyrimidone-2 5. The existence of this series of bands in the reduction product of 2-oxopurine provides further evidence that reduction occurred in the pyrim idine ring. The appearance of intense peaks at m/e > 2 0 0 , plus the intense peak at 136 corresponding to the parent 2-oxopurine, suggested that the reduction product is a dimer. This was further reinforced by the appearance of a relatively strong peak at 231 = 274 -43, corresponding to the expected elimination of HCNO from the dimeric reduction product.
X H N M R spectroscopy. The 1H NMR spectrum of 2-oxopurine (1) in CD3COOD exhibits two singlets, at 8.43 ppm (H-6) and 8.75 ppm (H -8). The re duction product exhibits two singlets at 4.63 ppm and 8.09 ppm.
Since the UV absorption spectrum of the reduc tion product is that of a substituted imidazole, the IR spectrum shows that it is 2-keto, while the mass spectrum indicates that it is a dimer, a reasonable structure for the product is 2 (Scheme I). The signal at 8.09 ppm would then correspond to H-8 and that at 4.63 ppm to H-6. H-6 in 2 should be sim ilar to that of H-6 in 3. The imidazole ring in the former would be expected to lead to a moderate downfield shift, in agreement with the value of 4.63 ppm for H-6 in 1 as compared to 4.15 ppm in 3. One would also expect H-8 in 2-oxopurine to undergo an upheld shift following reduction of the N x -C6 bond, in accord with the observed change in chemical shift of H-8 from 8.75 ppm in 2-oxopurine to 8.09 ppm in 2.
The foregoing interpretation is confirmed by the results of earlier studies on 1 : 1 photoadducts of alcohols to p u rin e 17> 18. The products were iden tified as substituted 1,6-dihydropurines17, and the site of addition of the a-hydroxyalkyl groups was readily established as C-6 on the basis of the *H NMR spectra p rior to, and following, selective deuteration at C-6 or C-8. In this way the singlets at 4.89 ppm and 7.25 ppm for the photoproducts in DMSO were assigned to H-6 and H-8, respec tively. These values confirm our assignments for the 2-oxopurine reduction product II of 4.63 ppm for H-6 and 8.05 ppm for H-8.
P hotodissociation of reduction product. Irrad ia tion at 254 nm of a neutral aqueous solution of the reduction product of 2-oxopurine led to the stepwise disappearance of the absorption band at 235 nm, and the simultaneous appearance of a new band with Amax 315 nm (Fig. 2 ). It will be noted from the figure that the modified absorption spectra accompanying the course of the photochemical con version reaction pass through two isosbestic points at 222 and 262 nm, consistent with form ation of a single ultraviolet absorbing photoproduct. Chro m atography, the absorption spectrum of the product and its pH-dependence, as well as polarographic analysis, showed the product to be the parent 2-oxopurine.
From Fig. 2 it is clear that the photochemical conversion reaction does not go to completion. This result, at first sight puzzling, becomes clear when it is recalled that the irradiation wavelength is 254 nm. At this wavelength the conversion reaction is ac companied by a marked decrease in absorbance of the reduction product and an increase in that of the photoproduct, the parent 2-oxopurine. The re sulting increased absorption at 254 nm due to the photoproduct consequently diminishes the relative absorption (internal shielding) of the reduction product, hence its rate of photochemical transform a tion.
By contrast, the changes in absorption spectrum during the initial stages of the reaction show that the conversion reaction itself is quantitative. Furtherm ore, since under these conditions, 2-oxo purine itself was relatively resistant to irradiation, the rate of appearance of the 315 nm band of 2-oxo purine with irradiation dose at 254 nm could be used to calculate the quantum yield for photodis sociation of the reduction product. This was 0.03 mol/Einstein, hence somewhat lower than the quan tum yield for photodissociation of the dim er reduc tion product of pyrimidone-2, about 0.1 5.
In contrast to the foregoing, the reduction pro duct of wave II, l,6-dihydro-2-oxopurine, the ab sorption of which at 254 nm is sim ilar to that for the dimer reduction product, was unaffected by ir radiation at 254 nm. It is of interest that, whereas l,6-dihydro-2-oxopurine is stable at neutral pH, the corresponding product of reduction on wave I of purine, viz. 1,6-dihydropurine, is slowly reoxidized on exposure to air. A solution of 1,6-dihydropurine was therefore prepared by electrolysis of purine at pH 5.3 as described by Smith and Elving 19. The solution was then brought to pH 7 and irradiated at 254 nm. Under these conditions the characteristic ab sorption spectrum of 1,6-dihydropurine (with Amax 240 nm and 292 nm) lj 19 was gradually replaced by a single band at 263 nm, characteristic of the parent purine. Direct photochemically induced conversion of 1,6-dihydropurine to purine was testified to by the existence of three isosbestic points at 222, 240, and 282 nm during the entire course of the reac tion. The conversion reaction was fully quantitative and proceeded with a quantum yield of 0.03; while, during the 40 min irradiation required for comple tion of the reaction, the extent of spontaneous re oxidation of 1,6-dihydropurine to purine was barely discernible. Furtherm ore, from the foregoing, it appears highly probable that the 1 : 1 photoadducts of alcohols to purine reported by Connolly and Linschitz 18 (see above), and the structures of which are formally identical to 1,6-dihydropurine, will equally readily photodissociate to the parent purine and alcohol.
Discussion
The foregoing results show that, in buffered aqueous medium, 2-oxopurine undergoes electro chemical reduction in two steps. Both the diffusion current constant and the coulometric data show that both reduction steps are one-electron. Polarographic analysis and the pH-dependence of £ 1/2 point to the involvement of protons in both electrode processes. The simplest scheme consistent with this behaviour is a rapid acid-base equilibrium preceding uptake of the first electron 20.
With establishment of the reduction product of wave I of 2-oxopurine as the dimer 6 ,6 '-bis-(1,6-dihydro-2-oxopurine) (2 ), the resultant reduction pathway, based on the polarographic and coulo metric results, may be formulated as in Scheme 1. The 6,6^ linkage is in agreement with findings for electrochemical reduction of other purine deriva tives 4|'21, where the initial attack of the electron is at C-6 of the purine ring.
At the potential of wave II, 2-oxopurine is re duced to an apparent l,6-dihydro-2-oxopurine spe cies, which is equivalent to further le reduction of the free radical. The dimer product itself does not undergo further reducion at the mercury electrode.
The proposed mechanism of electroreduction of 2-oxopurine is similar to that for pyrim idone-25, which appears reasonable in light of the fact that the imidazole ring does not undergo polarographic reduction 3' 19, so that 2-oxopurine appears to be have formally as a 5,6-substituted derivative of pyrimidone-2. This is further underlined by the fact that for pyrimidone-2, E\n = -0.53 -0.078 pH ; whereas for 2-oxopurine, E\i% = -0.46 -0.086 pH, again pointing to the sim ilarity in the first re duction step for both compounds.
For pyrimidone-2, a second reduction step is ob served only in the presence of tetraalkylam m onium salts. Purine itself was initially reported to undergo reduction via two 2-electron ste p s1,3,19; but more recent investigations by means of A.C phase selec tive polarography indicated that the first irreversible 2e reduction step should be ascribed to two sucsessive rapid 1-electron reduction stag es3. The fact that only one 2-electron cathodic wave is observed for reduction of each purine bond implies that the initially produced free radical is as, or more, readily reduced than protonated purine. Comparison of the reduction potentials for the two stages of reduction of 2-oxopurine and purine shows that those for the form er are about 300 mV more posi tive. Consequently conditions are more favourable for the appearance of two well-resolved 1-electron reduction waves with 2-oxopurine; in the case of purine, the reduction potential of wave I is suf ficiently negative to result in transport of the 2nd electron.
Relevant to the foregoing are the earlier findings of D ry h u rst21 on the polarographic reduction of 2-thiopurine, which was also found to occur via two 1-electron processes. At pH values above 5, the first of these was postulated as leading to dimerization of the resulting free radical, the proposed p ro duct being 6 ,6 '-bis-(l,6-dihydro-2-thiopurine) 21 . At pH values below 5 the radical species resulting from the first reduction step underwent further re duction to a product proposed to the l,6-dihydro-2-thiopurine. Although no attempts were made to isolate and identify the reduction products, these proposals are fully supported by the results of the present investigation. The consequent sim ilarities in polarographic reduction between 2-oxopurine and 2-thiopurine are, in fact, analogous to the cor responding sim ilarities in reduction behaviour be tween 4,6-dimethylpyrimidone-2 22 and 4,6-dimethylpyrimidonethione-2 23. It should be noted that, although D ry h u rst21 erroneously regarded 2-thio purine as being in the thiol form, this does not af fect the validity of his results. Furtherm ore, by analogy with the ability of the dim er reduction products of both 4,6-dimethylpyrimidone-2 22 and 4,6-dimethylpyrimidonethione 2 23 to undergo photo chemical dissociation to the parent monomers, it is most likely that 6,6/-6z\s-(l,6-dihydro-2-thiopurine) will also photodissociate to the parent 2-thiopurine as readily as 6,6/-6w-(l,6-dihydro-2-oxopurine) to the parent 2-oxopurine.
The free radical mechanism of electroreduction of 2-oxopurine is also supported by EPR m easure ments of other purine derivatives 24' 25. At low tem perature, purine and its oxo analogues form radical hydrogen atom adducts, with a lifetime of several days under vacuum or in a hydrogen atmosphere. In the presence of air or oxygen, these are rapidly liquidated 26.
As regards the alkaline lability of the dim er re duction product, which was shown above to proceed via the ionized or anionic form, this may be inter preted as follows. The ionized form of the dimer is formally similar to hydrogen adducts of two rad i cals generated by ionizing radiations by addition of an electron and proton to p yrim idines27 or purines 25 ionized in alkaline medium. It was shown by Rao and Hayon 28 that ketone radicals in strong ly alkaline medium are in the "enol" form, and are strong reducers, i. e., they may undergo rapid oxidation. In the case of the dimer of reduced 2-oxopurine, this may lead to transfer of 2 electrons to some electron acceptor, with concomitant tran s formation of the dimer to monomer, as follows:
RH -RH + 2 OH" -* R --R" + 2 H20
r-_ r--2R2 R +2 A -^2 A-+ 2 Rwhere A is the electron acceptor.
It should be noted that both the photodissociation properties and lability in alkali of the dimer of 2-oxopurine resemble these for the trans-anti thymine cyclobutane photodim er29. It was shown by H elene30 that the mechanism of monomerization of thymine photodimers is accompanied by acceptance of an electron, so that electrochemical studies on purines and pyrimidines may be of value in the clarification of the mechanism of photochemical form ation and dissociation of cyclobutane photodimers, which are of considerable significance in relation to radiation damage and repair.
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